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Theoretical M-shell X-ray production cross sections have been calculated within the
ECPSSR model. The semi-empirical cross sections are then deduced by fitting the available
experimental data normalized to their corresponding theoretical values for elements with
72  Z  90 by proton in the energy range 0.1e4.0 MeV. Also, an analytical formula has been
used to calculate the empirical X-ray production cross sections by direct fitting of the same
experimental data, which are found to be universal, both for individual and collective fits.
On the other hand, based on the individual fitting which gives the reliable cross sections,
we attempt to deduce another new empirical cross sections by assuming that the ratio
empirical to ECPSSR of the cross sections is roughly the same for all elements. In addition,
our results are presented for selected heavy elements, namely 74W, 79Au and 83Bi, being the
most extensively studied. Finally, a comparison is made between the different procedures
followed here and the experimental data.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction
Based on the most familiar theory, PWBA model (Merzbacher
& Lewis, 1958), the inner shell ionization process were further
developed by Brandt and Lapicki (1979) by including some
effects to give rise to what is known as the ECPSSR model
(Brandt & Lapicki, 1979). The binding effect (zs), caused by the
change in the electron binding energy due to a presence of the
charged particle in the vicinity of the nucleus, was included in
the PWBA theory by using the united atom approximation (the
binding energy in the atom with atomic number Z2 þ 1 for, Faculty of Sciences, Un
eghfel).
ptian Society of Radiatio
iety of Radiation Sciencesproton impact) (Chen & Crasemann, 1989; Chen, Crasemann,
& Mark, 1983; Cohen, 1989). Also, the Coulomb deflection
correction combined with the binding and the energy loss
effects of the projectile were introduced as a multiplicative
factor (CBs
E ) in terms of the exponential integral (Lapicki,
Laubert, & Brandt, 1980). However, despite this improvement
the values of the ECPSSR calculations of M-shell X-ray pro-
duction cross sections remain systematically smaller than
experimental data for the lowest energies for studied ele-
ments. This situation makes difficult to develop a definitive
theoretical model to describe the too complex atomic collision
processes. So, it is necessary to resort to the empirical and theiversity of M'sila, 28000 M'Sila, Algeria. Tel./fax: þ213 035556453.
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experimental data as well as the ECPSSR calculations. Over
the years,more accurate data became available for theM-shell
ionization by light ions (Amirabadi, Afarideh, Haji-Saeid,
Shokouhi, & Peyrovan, 1997; Bienkowski et al., 1990; Braich
et al., 1996; Braich, Verma, & Verma, 1997; Busch, Baskin,
Nettles, Shafroth, & Waltner, 1973; Cipolla, 1995; De Castro
Faria, Freire, De Pinho,&Da Silveira, 1983; Gressett et al., 1989;
Ishii, Morita, Tawara, Kaji, & Shiokawa, 1975; Jaskoła et al.,
2000; Jesus & Ribeiro, 1989; Mehta, Duggan, Price, McDaniel, &
Lapicki, 1982, Mehta et al., 1983; Pajek et al., 1990a, 1990b,
1990c, 1999, 2006; Sarkar, Mommsen,& Sarter, 1981; Shokouhi
et al., 1996; Thornton, McKnight, & Karlowicz, 1974). Never-
theless, the theoretical predictions deviate significantly,
especially at low energies, from the experimental data
exceeding sometimes a level of quoted experimental un-
certainties. So, it is desirable to derive more reliable M X-ray
production cross sections by using analytical formulas, which
are based on the direct fitting of the experimental data
(empirical cross section) and also on the fitting of the
normalized experimental data to their corresponding theo-
retical values calculated within the ECPSSR model of Brandt
and Lapicki (1981) (semi-empirical cross section). Several au-
thors tried to perform the fittings of the available experi-
mental data with analytical functions for both K (Paul, 1984)
and L shell (Kahoul & Nekab, 2005; Miyagawa, Nakamura, &
Miyagawa, 1988; Nekab & Kahoul, 2006; Orlic, 1994; Orlic,
Sow, & Tang, 1994; Reis & Jesus, 1996; Sow, Orlic, Loh, &
Tang, 1993; Strivay & Weber, 2002). More recently, Pajek
et al. (1999) and Jaskoła et al. (2000) presented their results,
for protons and deuterons, respectively, for M shell in a uni-
versal way by plotting themeasuredM-shell X-ray production
cross sections forMab,Mg andM3O45 X-ray lines for different Z-
group as a function of the scaled velocity xM(empirical cross
section).
In the present paper, we attempt to calculate the semi-
empirical and the empirical M-shell X-ray production cross
sections by using the ECPSSR calculations from this work and
the available experimental data (Cipolla, 1995; Goudarzi,
Shokouhi, Lamehi-Rachti, & Oliaiy, 2006; Mehta et al., 1982,
1983; Pajek et al., 1990a, 2006; Rodriguez-Fernandez, Miranda,
Ruvalcaba-Sil, Segundo, & Oliver, 2002; Sera et al., 1980) by
proton in the energy range 0.1e4.0 MeV, for the whole range
of elements (collective) with 72  Z  90 (about 528 experi-
mental values) as well as for each element separately
(individual).2. Methods
2.1. Semi-empirical M-shell X-ray production cross
sections “reference”
In the first attempt, the semi-empirical M-shell X-ray pro-
duction cross sections have been calculated by defining the
normalized cross sections in the usual manner as S ¼ sexp/
sECPSSR, where sECPSSR refers to our theoretical results of M-
shell X-ray production cross sections calculated within the
ECPSSR model by using the exact limits of integration (Liu &
Cipolla, 1996) and the unperturbed nonrelativistic screenedhydrogenic wave functions defined by Choi (1973) to evaluate
the form factor (Johnson, Basbas, & McDaniel, 1979) and sexp
refers to the experimental cross sections at our disposal of
elements with atomic number 72  Z2  90 collected from
different sources (Cipolla, 1995; Goudarzi et al., 2006; Mehta
et al., 1982, 1983; Pajek et al., 1990a, 2006; Rodriguez-
Fernandez et al., 2002; Sera et al., 1980) (528 data points).
Also, because of the non availability of the coefficients of
CostereKronig and the fluorescence yields of theMi-subshells,
necessary to convert the ionization cross sections to the X-ray
production ones and vice versa, we used the ratios of the total
X-ray production cross sections instead of the total ionization
ones. In addition, the scatter of the experimental data (see
Fig. 1) is partly due to the fact that the data are taken from
various references and consequently measured in different
experimental conditions.
Then, we plot S as a function of the scaled velocity
parameter xM for theM-shell (Fig. 1(a)), given by Goudarzi et al.
(2006) as
xM ¼

xM1 þ xM2 þ 2xM3 þ 2xM4 þ 3xM5

9; (1)
where, xs ¼ 2v1/qsvs (s ¼ M1, …, M5) is an argument appears
through the function describing the energy-loss effect
(Basbas, Brandt, & Laubert, 1973a, 1973b), used to distinguish
the slow collision from the fast one, and v1 and vs are the
projectile and the target-atom electron velocities,
respectively.
Also, it is worth noting that the values of CostereKronig
factors and fluorescence yields have been reported from
(S€ogu¨t et al., 2002) to allow us the conversion ionization-X-ray
production cross sections for all elements in this range
(72  Z  90).
As seen in Fig. 1(a), the ECPSSR theory predicts the M-
shell X-ray production cross sections very well above
approximately xM ¼ 1 whereas a large discrepancy is
observed (up to a factor of 4) for lower scaled velocities. This
motivated us to adapt a semi-empirical method based on
the available experimental data and the ECPSSR calcula-
tions. So, the set of the ratios S is fitted by a third degree
polynomial as
S ¼
X3
i¼0
aiðxMÞi: (2)
The semi-empirical M-shell X-ray production cross sec-
tions for all elements (collective treatment) are then deduced
as ssemp ¼ sECPSSR  S. The fitting result is shown in the
Fig. 1(a) with a full line.
On the other hand, we attempt to calculate the semi-
empirical M-shell X-ray production cross sections using the
normalized experimental data for each element separately
(individual treatment). For this purpose, elements of 74W, 79Au
and 83Bi have been chosen, being the most extensively stud-
ied, as a sample of calculation. The fitting results, by the same
order polynomial, for 74W, 79Au and 83Bi are shown in
Fig. 1(b)e(d), respectively.
Also, the total deviation of the experimental cross sections
(sexp) from their corresponding fitted values (ssemp) is
expressed in terms of the root-mean-square error (3rms), given
by the following expression
Fig. 2 e ExperimentalM X-ray production cross sections as
a function of the scaled velocity.
Fig. 1 e Ratios of experimentalM X-ray production cross sections to the theoretical ones as a function of the scaled velocity
xM; (a) for the whole range of elements, (b) for 74W, (c) for 79Au and (d) for 83Bi. The fits are also represented by full lines.
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"X 1
N

sexp  ssemp
ssemp
2#1=2
; (3)
where N is the number of data.
2.2. Empirical M-shell X-ray production cross sections
The experimental data of M-shell X-ray production cross
sections (528 data points) collected from the same references
as indicated in the case of semi-empirical (Cipolla, 1995;
Goudarzi et al., 2006; Mehta et al., 1982, 1983; Pajek et al.,
1990a, 2006; Rodriguez-Fernandez et al., 2002; Sera et al.,
1980) for elements with 72  Z2  90 by protons with energy
from 0.1 to 4.0 MeV, are found to be universal in a logarithmic
scaling when plotted as a function of the scaled velocity xM
(Fig. 2). Then, the set of these experimental data is fitted using
a third polynomial order (collective fit) as
Ln semp ¼
X3
i¼0
biðLn xMÞi: (4)
Also, by using the same previous equation (Eq. (4)) we have
fitted the experimental data for each element separately (In-
dividual fit). Our results are shown only for 74W, 79Au and 83Bi.
On the other hand, a plot of UM
2 sM
I /Z1 as a function of E/lUM
exhibits a single and approximately universal curve, where Z1
and E are the charge and energy of the projectile (Z1 ¼ 1 for
proton), respectively,UM ¼ ðUM1 þ UM2 þ 2UM3 þ 2UM4 þ3UM5 Þ=9
is the average binding energy of the M shell (Rodriguez-
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mass and sM
I is the total ionization cross section, which is
related to the total X-ray production cross section, sM
x , through
sxM ¼ uMsIM, where uM is the average fluorescence yield of the
M-shell (S€ogu¨t et al., 2002). Then, Fig. 3 shows a plot of
U2Ms
x
M=uM versus E/lUM for the available experimental data of
the M shell X-ray production cross sections (the same exper-
imental data used in the previous empirical cross section).
Indeed, it can be seen that U2Ms
x
M=uM is found to be universal
when plotted in a logarithmic scaling as a function of the
reduced proton energy E/lUM. Consequently, we calculate the
empirical M-shell X-ray production cross sections by fitting
globally (Collective) the available experimental data of ele-
ments with 72 Z2 90 and by fitting each element separately
(Individual). The analytical function used in the fitting is the
following third degree polynomial
Ln

U2Ms
x
M

uM
 ¼X3
i¼0
ciðLnðE=lUMÞÞi: (5)
Also, by the same manner described in the case of the
semi-empirical cross sections, we can estimate the total de-
viation (3rms) of the experimental cross sections (sexp) from
their corresponding fitted values (semp).3. Results and discussion
The values of 3rmswith the fitting parameters ai, bi and ci for the
semi-empirical and the empirical cross sections according to
the tow procedures followed here (Eqs. (4) and (5)),Fig. 3 e Plots of sxMU
2
M=uM as a function of the reduced
proton energy E/lUM for the available experimental data.respectively, are listed in Table 1. It is interesting to note that
we have reported only the experimental data in the range
0.1e4.0 MeV of proton energy. So, the fitting Eqs. (2), (4) and (5)
and their associated coefficients are valid only within the
energy range mentioned here and their extension outside it
might deduce erroneous results. Also, by considering the root-
mean-square error (3rms), which presents the deviation from
the experimental data, as a criterion of the accuracy of the
deduced cross sections, we can point out that the empirical
cross sections described by Eqs. (4) and (5) give the better
representation of the experimental data either using the
whole range of experimental data (collective) or using the
experimental data of each element separately (individual).
This is due to the dependence of the semi-empirical cross
sections on the experimental data as well as the ECPSSR cal-
culations whereas the empirical cross sections depend only
on the available experimental data. Furthermore, the fitted
values of the CostereKronig factors and the fluorescence
yields reported from tabulation in Ref. S€ogu¨t et al. (2002), may
introduce supplementary errors on the semi-empirical cross
section. This situation makes the accuracy of this latter less
sufficient. Also, with the same number of the experimental
data and the same degree of the polynomial used in the fit-
tings to deduce the empirical cross sections described by Eqs.
(4) and (5), the data do not scatter by the same manner (see
Table 1) either in the collective fitting or when each element is
fitted separately (individual). This enables us to say that the
individual fitting of experimental data gives the better reliable
cross section.
In addition, we attempt to show our results of the semi-
empirical and the empirical (according to Eqs. (4) and (5)) M-
shell X-ray production cross sections for selected elements,
namely 74W, 79Au, and 83Bi, obtained by the individual fitting
of the experimental data. So, ratios to the ECPSSR calculations
of the experimental (Exp.) M-shell X-ray production cross
sections (Pajek et al., 1990a, 1990b, 1990c, 2006) and those
deduced from Eq. (2) (Ref.), Eq. (4) (Emp.1), and Eq. (5) (Emp.2)
as a function of proton energy, are presented in Fig. 4.
Generally, the semi-empirical cross section, Eq. (2), is
compromise between the ECPSSR calculations and the exper-
imental data whereas the empirical cross section (Eqs. (4) and
(5)) tends generally towards the experimental data fromwhich
it has been derived. Also, our results of the semi-empirical and
the empirical cross sections (Ref., Emp.1 and Emp.2) close
generally to each other when going from 83Bi to 74W. Further,
the derived empirical cross sections (Emp.1 and Emp.2) lead to
the same results within few percents.
On the other hand, much experimental data are available
for 79Au, 17.23% from the available experimental data, which
make it occupying a particular position in the present Z-group.
This fact can be exploited to compensate the deficiency of the
experimental data for other elements of the same group. So,
this element (79Au) can be considered as “pilot element”
(Kahoul, Nekkab,&Deghfel, 2008) in this Z-group and it can be
served to calculate the empirical cross-sections for other ele-
ments. Also, it can be seen from Fig. 4 that we can assume that
the ratio semp/sECPSSR is roughly the same for all elements (tend
generally towards 1) in the range of the fast collision
(approximately xM  1). This assumption can be traduced for
an element X by the following expression
Table 1 e Fitting coefficients for the calculation of semi-empirical and empirical, according to Eqs. (4) and (5),M-shell X-ray
production cross sections for 74W, 79Au, and 83Bi, by using the collective and the individual fittings.
Kind of fit Element i 3 2 1 0 3rms (%)
Individual 74W ai 0.1692 1.0893 2.2721 2.2242 14.54
bi 0.5368 1.7444 3.3116 5.6532 11.67
ci 0.0674 0.0198 0.7126 27.286 11.66
79Au ai 0.6751 3.9787 7.3717 5.1497 16.87
bi 0.8486 1.6188 2.9801 5.6862 8.87
ci 0.1058 0.3034 1.2615 27.592 8.86
83Bi ai 0.8811 4.6879 7.9204 5.1041 14.64
bi 0.9700 1.6747 2.9762 5.6194 9.73
ci 0.1205 0.3772 1.3957 27.65 9.74
Collective 74W 19.54
13.01
12.13
79Au ai 0.4326 2.5645 4.7994 3.6083 15.20
bi 0.8956 1.8128 3.1204 5.6512 13.18
c 0.1106 0.2751 1.1409 27.479 14.50
83Bi 11.59
11.12
11.33
Fig. 4 e Experimental (Exp.) M X-ray production cross
sections and those deduced from Eq. (2) (Ref), Eq. (4) (Emp.1)
and Eq. (5) (Emp.2) by using the individual fitting for
element 74W, 79Au and 83Bi as a function of proton energy.
All these cross sections are normalized to their
corresponding ECPSSR calculations from this work.
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sXECPSSR
¼ s
Au
emp
sAuECPSSR
; (6)
where, semp
Au denotes the empirical M-shell ionization cross-
section for 79Au deduced from the individual fitting, being
the reliable cross section (see Table 1). The values of uM,
necessary to the conversion ionization-production of the total
M-shell cross sections are taken from Deghfel et al. (2009).
Then, the ratios sECPSSR
x /sECPSSR
Au are plotted in Fig. 5 as a func-
tion of the scaled velocity xM for all elements. These ratios
present approximately a constant value for each element in
thewhole range of the scaled velocity xM. This situationmakes
the ratio sECPSSR
x /sECPSSR
Au independent of the scaled velocity xM
and allows us to take the mean value for each element X. The
evolution of these ratios is fitted as a function of the atomic
number Zx of the element X by the following function
FðZXÞ ¼ ðZAu=ZXÞa; (7)
where a ¼ 5.5.Fig. 5 e Ratio of the theoretical M-shell ionization cross
section, sECPSSR
x , of an element X to that of the pilot element
79Au, sECPSSR
Au , as a function of the scaled velocity xM.
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sECPSSR
x /sECPSSR
Au is approximated by the previous function, the
relative deviation between the two sets of values does not
exceed 1.1%.
Then, the new empirical cross section of the element X is
derived from that of the ‘pilot element’ 79Au by using the
formula (6) as
sXemp ¼ S0sAuemp; (8)
where S0 ¼ sECPSSRx /sECPSSRAu is approximated by using Eq. (7).
This procedure allows us to deduce the empirical M-shell
cross sections only from the empirical cross section of 79Au for
all elements in this energy range of proton, especially the el-
ements for which we do not dispose of the experimental data.
Finally, this procedure has been applied to calculate the
empirical M-shell X-ray production cross-sections and their
associated deviations from the experimental data for selected
elements (74W and 83Bi) as a function of proton energy (Table
2). Also, a comparison to the ECPSSR calculations between the
cross sections deduced from Eq. (8) and those of the experi-
ment (Pajek et al., 1990a, 1990b, 1990c, 2006), enables us to say
that the agreement is generally satisfactory between the two
sets of values, except for low proton energy where the
deduced cross section from Eq. (8) is not valid and conse-
quently a large discrepancy is observed (up to 35%).4. Conclusion
The ECPSSR theory combinedwith the experimental data have
been used to derive the semi-empirical cross sectionswhereas
the available experimental data are directly fitted to deduce
the empirical cross sections. The fitted equations and their
corresponding coefficients are presented for the semi-
empirical and the empirical M-shell X-ray production cross
sections for the whole range of elements with atomic number
72  Z  90 and for each element separately by 0.1e4.0 MeVTable 2 e Comparison to ECPSSR calculations between
the empirical M-shell X-ray production cross sections
deduced from Eq. (8) and the experimental data (Pajek
et al., 1990a, 1990b, 1990c, 2006).
E
(MeV)
Ratios to ECPSSR calculations
74W 83Bi
Emp-Eq.
(8)
Exp. 3rms
(%)
Emp-Eq.
(8)
Exp. 3rms
(%)
0.4 0.682 0.811 15.9 1.508 1.115 35.3
0.6 0.658 0.688 4.4 1.303 1.004 29.9
0.8 0.624 0.636 1.8 1.180 0.895 31.9
1.0 0.598 0.612 2.2 1.087 0.875 24.2
1.2 0.583 0.642 9.2 1.018 0.787 29.3
1.4 0.577 0.660 12.5 0.970 0.784 23.7
1.6 0.579 0.627 7.6 0.938 0.807 16.3
1.8 0.587 0.650 9.6 0.920 0.813 13.1
2.0 0.600 0.654 8.2 0.912 0.846 7.8
2.2 0.617 0.694 11.1 0.912 0.811 12.4
2.4 0.638 0.700 8.8 0.919 0.910 1.0
2.6 0.662 0.683 3.1 0.931 0.863 7.9
2.8 0.689 0.703 2.0 0.949 0.910 4.2
3.0 0.719 0.702 2.4 0.971 0.915 6.1protons impact. Our results for selected heavy elements,
namely 74W, 79Au, and 83Bi, are compared with experiment
(Pajek et al., 1990a, 1990b, 1990c, 2006) and theory (this work).
Generally, the empirical cross sections obtained by using the
experimental data for each element separately give the most
reliable cross section than those obtained when the elements
are globally fitted. This allows us to deduce the new empirical
cross sections from the individual fitting of the element that
having a large number of experimental data noted as “pilot
element”. This procedure presents a good representation of
experimental data and permits to calculate the empirical
cross sections of other elements for which we do not dispose
of the experimental data.r e f e r e n c e s
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